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Recognition of virus presence via RIG-I (retinoic acid inducible gene I) and/or MDAS (melanoma differen-
tiation-associated protein 5) initiates a signaling cascade that culminates in transcription of innate response
genes such as those encoding the alpha/beta interferon (IFN-o/f3) cytokines. It is generally assumed that
MDAS is activated by long molecules of double-stranded RNA (dsRNA) produced by annealing of comple-
mentary RNAs generated during viral infection. Here, we used an antibody to dsRNA to show that the presence
of immunoreactivity in virus-infected cells does indeed correlate with the ability of RNA extracted from these
cells to activate MDAS. Furthermore, RNA from cells infected with encephalomyocarditis virus or with vaccinia
virus and precipitated with the anti-dsRNA antibody can bind to MDA5 and induce MDAS5-dependent IFN-o/3
production upon transfection into indicator cells. However, a prominent band of dsRNA apparent in cells
infected with either virus does not stimulate IFN-o/f3 production. Instead, stimulatory activity resides in
higher-order structured RNA that contains single-stranded RNA and dsRNA. These results suggest that MDAS
activation requires an RNA web rather than simply long molecules of dsRNA.

The innate immune response to virus infection is largely
dependent on type I (alpha/beta) interferons (IFN-a/B). IFN-
o/B induces expression of IFN-stimulated genes that have di-
verse antiviral properties, including sequestration of virus pro-
teins, blocking of cellular translation, and degradation of viral
and cellular RNA (12, 13, 21). It is believed that viral genomes
and replication products are the main triggers of the key pat-
tern recognition receptors (PRRs) that sense virus infection
and that signal for IFN-«/B induction. PRRs known to induce
IFN-o/B in response to viruses include Toll-like receptor 3
(TLR-3), TLR-7/TLR-8, and TLR-9. These TLRs are re-
stricted in distribution to immune cells and a few nonimmune
cell types and are activated by double-stranded RNA
(dsRNA), single-stranded RNA (ssRNA), and DNA delivered
into endosomes during the infection process (8). Most cells
rely on another set of PRRs, the retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs), to sense RNA that accumu-
lates in the cytoplasm during infection with many viruses (21).
Two RLR members are known to signal for IFN-o/B induction:
RIG-I and MDAS (melanoma differentiation-associated pro-
tein 5) (4, 11, 32). Both proteins contain an RNA binding
DEAD-box helicase domain and tandem caspase recruitment
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domains. The caspase recruitment domains are necessary for
downstream signaling via shared adaptor MAVS (the mito-
chondrial antiviral signaling protein; also called CARDIF,
IPS-1, or VISA) (20). Notably, some viruses such as Dengue
virus and West Nile virus are sensed by both RIG-I and MDAS
such that loss of either RLR is redundant for IFN-o/f re-
sponses (24). However, RIG-I is nonredundant for responses
to many negative-strand RNA viruses such as influenza virus
and Sendai virus and some positive-strand RNA viruses such as
Japanese encephalitis virus (11). In contrast, MDAS is essen-
tial for responses to picornaviruses (4, 11). These data suggest
that although RIG-I and MDAS are similar in sequence and
signal via a conserved pathway, they are activated by distinct
RNA species. Indeed, we along with others could show that
RIG-I but not MDAS is activated by 5’ triphosphorylated
RNA such as that present in the genomes of influenza virus
and other negative-strand RNA viruses (7, 22). Interestingly,
picornaviruses do not have triphosphorylated RNA genomes
(23), which may explain why they do not activate RIG-1. How-
ever, the picornavirus-derived agonist for MDAS has not been
defined, and it is unclear why MDAS agonists are generated
during infection with picornaviruses but not influenza A virus
and some other RNA viruses. One possible explanation is that
MDAS is activated by long dsRNA, which is made during
infection with positive-strand RNA viruses (including picorna-
viruses) and DNA viruses but not with negative-strand RNA
viruses such as influenza virus (22, 28). Consistent with this
notion, MDAS is activated by poly(I:C), a synthetic RNA that
is often described as an equivalent of long dsRNA. Notably,
Kato et al. recently showed that MDAS can be activated by

10761



10762 PICHLMAIR ET AL.

long dsRNA from the genome of reoviruses (ReoVs) or made
by annealing sense and antisense strands of in vitro transcribed
RNA (10). Therefore, it has come to be believed that the
physiological agonist for MDAS is simply long molecules of
dsRNA.

Here, we investigated the nature of MDAS agonists that are
generated during viral infection. We show that the presence of
immunodetectable dsRNA in cells infected with picornavi-
ruses, alphaviruses, ReoV, and, notably, vaccinia virus (VV),
correlates with generation of MDAS agonists and that a
dsRNA-specific antibody can immunoprecipitate RNA/MDAS
complexes containing stimulatory RNA from infected cells.
However, we find that infected cells contain not only dsRNA
but also RNA of high molecular weight (HMW) bearing both
dsRNA and ssRNA regions and show that only the HMW
fraction contains stimulatory activity. Our data suggest that
MDAS may be activated by branches of RNA rather than
simply by long stretches of dsRNA.

MATERIALS AND METHODS

Reagents. IFN-A/D, a human/mouse hybrid IFN, was a gift from Ian Kerr
(Cancer Research UK). Anti-dsRNA antibody clone K1 (26) was from English
and Scientific Consulting Bt. The goat anti-mouse antibody and isotype control
antibody immunoglobulin G1 (IgG1) was purchased from ZyMed. Goat poly-
clonal anti-influenza A virus (HIN1) was from Europa Bioproducts Ltd. Anti-
hemagglutinin (HA) antibody (clone HA7) conjugated to horseradish peroxidase
and anti-FLAG (clone M2) was from Sigma. Calf intestinal phosphatase (CIP)
was from New England Biolabs. Acridine orange, ribavirin (final concentration,
400 pM), and cycloheximide (CHX; final concentration, 10 pg/ml) were pur-
chased from Sigma. RNase A, RNase T1, and RNase V1 were purchased from
Ambion. The pGEM-T vector system was bought from Promega. pHA-MDAS
was described previously (22). The FLAG-MDAS plasmid was generated by
PCR amplification using following primers: 5'-GACAATGGACTACAAAGAC
CATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACG
ATGACAAGTCGAATGGGTATTCCACAGACGAGAATTT-3" and 5'-GAC
ACTAATCCTCATCACTAAATAAACAGCATTCTGAAT-3', followed by
cloning into pCDNA3.1/V5-His-TOPO (Invitrogen). T3-tagged random hexam-
ers had the following sequence: 5'-ATTAACCCTCACTAAAGGGANNNNN-3'".
pBABE-puro-LargeT was from a kind gift of Gordon Peters (Cancer Re-
search UK).

Cells and virus titrations. 3T3, 293T, HeLa S3, and Vero cells were from
Cancer Research UK. HEK293 cells were a gift from Friedemann Weber
(Freiburg, Germany). LL171 cells (L929 containing a stable IFN-stimulated
response element-luciferase reporter plasmid [ISRE-Luc]) were a kind gift from
Mireia Pelegrin (Montpellier, France). Mouse embryonic fibroblasts (MEFs)
from MDA5~/~, RIG-1"/~, and wild-type littermate controls were generated as
described previously (11) and were immortalized with simian virus 40 large T
antigen by infection with retrovirus prepared from 48-h supernatants of Phoenix
cells transfected with pPBABE-puro-LargeT and a vesicular stomatitis virus G
protein expression plasmid (pVSV-G; Clontech). Immortalized MEFs were se-
lected on puromycin (final concentration, 2 pg/ml) for 2 weeks. All cells were
grown in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum,
2 mM glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin. Encepha-
lomyocarditis virus (EMCV) titration was done by determining the 50% tissue
culture infective dose using Vero cells.

Viruses, stimuli, and cytokine induction assays. Influenza A/PR/8/34 virus and
ANS1 virus were a gift from Thomas Muster (Vienna, Austria). Semliki Forest
virus (SFV), EMCYV, Sindbis virus (SiV), and ReoV were a gift from Ian Kerr.
Theiler’s murine encephalomyelitis virus (TMEV) was kindly provided by
Thomas Michiels (Leuven, Belgium). VV was propagated on HeLa cells. 5’
Triphosphate-containing RNA (PPP-RNA; 7SK-antisense RNA) was described
earlier (22). To generate stimulatory RNA preparations, Vero or HeLa cells
were infected overnight at a multiplicity of infection (MOI) of 0.1, unless indi-
cated otherwise. RNA from cells and immunoprecipitates was isolated by Trizol
reagent (Invitrogen) according to the protocol provided by the manufacturer.

For stimulation, cells were seeded in 24 plates at 2 X10° cells per ml and
transfected with RNA for 12 to 15 h. IFN-a was measured by sandwich enzyme-
linked immunosorbent assay (ELISA) as described previously (22). Total IFN-
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o/B was measured by titration on LL171 cells and compared to recombinant
IFN-A/D used as a cytokine standard.

Confocal microscopy. HeLa or Vero cells were grown overnight on coverslips
and infected with viruses for the times specified in the figure legends. Cells were
fixed in 4% paraformaldehyde, blocked with phosphate-buffered saline (PBS)
containing 1% bovine serum albumin, permeabilized in 0.1% Triton X-100, and
stained with K1 antibody or goat polyclonal anti-influenza A virus, followed by
appropriate secondary antibodies including a goat anti-mouse antibody, Alexa
Fluor 488-conjugated anti-mouse (Molecular Probes), and DRAQS. Coverslips
were mounted on a slide, and images were acquired with a laser scanning
confocal microscope (LSM 510; Zeiss).

Western blotting and immunoprecipitation. 293T cells were transfected with
pHA-MDAS and 48 h later lysed in PBS containing 0.2% Triton X-100, protease
inhibitors (Complete, Roche), and RNasin (Promega). Equal amounts of cell
lysate or RNA of EMCV-infected Vero cells (Vero-EMCV RNA) or of VV-
infected HeLa cells (HeLa-VV RNA) were incubated with Sepharose beads
(Gammabind plus; Pierce) that had been loaded with 2 pg of anti-dsRNA K1
antibody or isotype control IgG1. Lysates or Sepharose beads were mixed with
sample buffer and separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, blotted onto an Immobilon-P membrane (Millipore), probed with
anti-HA conjugated to horseradish peroxidase, washed four times in PBS-Tween
(0.05%), and detected using the Supersignal West Pico developing reagent
(Pierce).

RNA analysis. RNA from uninfected or infected cells was isolated using
Trizol, and the amount of RNA indicated in the figure legends was separated on
a 1% agarose gel. Gels were stained for 15 min with 1 mM acridine orange in
Tris-acetate EDTA buffer. Thereafter, the gel was destained in deionized water
for 1 to 3 h until clear bands were visible. Pictures were taken using a UV
transilluminator and a Dimage Xt digital camera (Minolta) mounted on a stand.
The blue channel (showing the UV lamp) was removed using Photoshop CS
(Adobe). To isolate RNA from agarose gels, low-melting-point agarose (0.7%)
was used followed by phenol-chloroform extraction.

For RNase digestion, 1 ug of RNA was diluted in RNA structure buffer
(Ambion) and incubated for 1 h with 10-fold dilutions of a mix of RNase A (0.1
png/ul) and RNase T1 (0.1 U/ul) or RNase V1 (0.01 U/ul). RNA was loaded on
an agarose gel containing 0.05 pg/ml ethidium bromide or directly used for
transfection into 3T3 cells.

To quantify IFN-B mRNA and EMCYV viral RNA, total RNA was isolated
from infected or uninfected cells using an RNeasy kit (Qiagen) combined with a
DNA digestion step (DNase set; Qiagen). Single-stranded cDNA was synthe-
sized using SuperScript II (Invitrogen) and random hexamer primers. Real-time
PCR amplification for IFN-B was carried out using TagMan universal master mix
(Applera) and predeveloped TagMan assay reagents (containing primers and
fluorescent probe) for murine IFN-B and 18S rRNA (Applera). EMCV RNA
was quantified by SYBR Green (Invitrogen) reverse transcription-PCR using the
following primers: 5'-TTGAAAGCCGGGGGTGGGAGATCC-3' and 5'-TCT
GTTGTTATTTTGGGGTGGC-3'. PCRs were analyzed on an ABI 7900HT
thermal cycler (Applera).

RESULTS

Activation of MDAS and RIG-I by RNA isolated from cells
infected with RNA viruses. To characterize RNA species that
might act as RLR agonists in virus-infected cells, we isolated
RNA from uninfected Vero cells (Vero-RNA) or Vero cells
that had been infected with influenza virus (Vero-Flu RNA) or
Vero-EMCV RNA and tested its IFN-o/B-inducing ability.
Vero-RNA did not elicit IFN-a production (Fig. 1A) or induce
activation of an IFN-B reporter construct (data not shown)
when transfected into MEFs or human fibroblast cell lines. In
contrast, total RNA extracted from virus-infected cells was
highly stimulatory in the same assays (Fig. 1A and data not
shown). Use of the stimulatory RNA faithfully reproduced the
pattern of RLR dependence seen with intact virus: RIG-I-
deficient MEFs were selectively unresponsive to Vero-Flu
RNA whereas MDAS-deficient MEFs did not respond to
Vero-EMCV RNA (Fig. 1A), as reported for intact influenza
virus and EMCV (4, 11).
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FIG. 1. RNAs from virus-infected cells act as RLR agonists. (A and B) MEFs of the indicated genotype were transfected with 0.2 pg of the
indicated RNA, and accumulation of IFN-« in supernatants was measured by ELISA after overnight incubation. (B) MEFs of the indicated
genotype were transfected with 0.2 ug of RNA from virus-infected cells. After overnight incubation, IFN-o/f in the supernatant was measured on
indicator cells containing an ISRE-Luc reporter. (C) RNA from infected cells was treated with CIP (+) or buffer only (—) before transfection.
IFN-a was measured by ELISA. Graphs show one of at least three representative experiments. Error bars show standard deviation of triplicate
(A and C) or quadruplicate (B) measurements. Asterisks indicate a P value of <0.01 compared to wild-type (wt) control MEFs.

We extended our study to RNA isolated from cells infected
with other RNA viruses (Table 1), including SFV, SiV, ReoV,
and TMEV. RNA isolated from TMEV-infected cells induced
IFN-/B in an MDAS-dependent but RIG-I-independent man-
ner (Fig. 1B), consistent with the observation that picornavi-
ruses selectively activate MDAS (4, 11). In contrast, IFN-o/B
production by cells transfected with Vero-SFV RNA, Vero-
ReoV RNA, and Vero-SiV RNA was unaffected by deficiency
in either RIG-I or MDAS5 (Fig. 1B). This suggested that infec-
tion with these viruses can generate both RIG-I and MDAS
agonists, leading to RLR redundancy (6, 11, 14). To test this
possibility, we treated RNA from SFV-infected cells with CIP
to destroy putative RIG-I agonists bearing 5’ triphosphates.
For controls, we confirmed that CIP treatment of Vero-Flu
RNA rendered it nonstimulatory but did not affect the stimu-
latory ability of Vero-EMCV RNA (Fig. 1C). Notably, CIP
treatment rendered Vero-SFV RNA strictly dependent on
MDAS for its stimulatory ability (Fig. 1C). We tentatively
conclude that some viruses (e.g., SFV) generate 5’ phosphate-

TABLE 1. Viruses used in this study

Virus (abbreviation)

Genome type

Influenza A virus (Flu)
Encephalomyocarditis virus (EMCV)
Theiler’s murine encephalitis virus (TMEV) ..
Semliki Forest virus (SFV)
Sindbis virus (SiV)
Reovirus (ReoV)
Vaccinia virus (VV)

bearing stimulatory RNAs that activate RIG-I, as well as 5’
phosphate-independent RNAs that act as agonists for MDAS
in infected cells.

One caveat with the above interpretation is that the IFN-
stimulatory activity assayed in these experiments could in the-
ory result from de novo virus replication arising from the
presence of viral mRNA and viral genomes in the transfected
RNA. Indeed, we found that 3T3 cells transfected with Vero-
EMCYV RNA produced detectable amounts of virus (Fig. 2A)
and accumulated viral RNA (Fig. 2C) although at much lower
levels than when cells were infected with live EMCV (Fig. 2A
and C). To test whether IFN-o/B induction is dependent on
virus production, we pretreated 3T3 cells with the antiviral
drug ribavirin. This reduced the amount of progeny virus after
EMCY infection by 4 to 5 log,, and abrogated virus production
following Vero-EMCV RNA transfection (Fig. 2A). Impor-
tantly, this treatment did not decrease IFN-a production in
response to transfected Vero-EMCV RNA (Fig. 2B). Simi-
larly, the accumulation of EMCV RNA after transfection with
Vero-EMCV RNA was reduced more than 1,000-fold by pre-
treatment with CHX, which blocks cellular translation and
therefore expression of proteins essential for viral replication
(Fig. 2C), yet the accumulation of IFN-B mRNA was unaf-
fected (Fig. 2D). Furthermore, despite the fact that direct
infection with EMCV led to greater accumulation of viral
RNA (Fig. 2C), IFN- induction was superior when RNA from
virus-infected cells was transfected (Fig. 2D). Similar effects
were seen in experiments using RNA extracted from cells
infected with other RNA viruses (data not shown). Therefore,
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FIG. 2. Transfection of RNA from virus-infected cells generates
progeny virus. (A and B) 3T3 cells were left untreated or were pre-
treated with ribavirin for 1 h and transfected with Vero-EMCV RNA
(0.2 pg in A; 1 and 0.2 pg in B) or infected with EMCV (MOI of 1).
(A) Accumulation of infectious virus particles quantified by 50% tissue
culture infective dose. (B) IFN-a was measured after overnight incu-
bation. ELISA shows average of triplicate measurements + standard
deviation. (C and D) Quantitative reverse transcription-PCR analysis
for EMCV RNA (C) and IFN-B mRNA (D) in cells treated with CHX
for 30 min and subsequently infected with EMCV or transfected with
0.2 ng of Vero-EMCV RNA for 4 h. Bars show averages of duplicate
measurements + standard deviations. Graphs show one of two (A and
B) or three representative experiments (C and D). Error bars show
standard deviations of quadruplicate (A), triplicate (B), or duplicate
(C and D) measurements. Asterisks indicate a P value of <0.001
compared to dimethyl sulfoxide (DMSO) treatment.

we conclude that RNA extracted from cells infected with RNA
viruses contains preformed stimulatory species that act as ago-
nists for RLRs independently of further virus replication.

VV generates dsRNA that activates MDAS. The presence of
infectious RNAs in preparations extracted from cells infected
with RNA viruses complicated our attempts to characterize
agonists for RLRs. We therefore sought to establish an addi-
tional virus model in which RNA extracted from infected cells
would be noninfectious. DNA viruses have been reported to
generate dsRNA in infected cells (1, 9, 28), but, by definition,
such RNA cannot be infectious. Notably, HeLa-VV RNA ac-
tivated the IFN-B promoter upon transfection into HEK293
(Fig. 3A) or 3T3 cells (Fig. 3B) and induced secretion of
IFN-o/B protein after transfection in MEFs (Fig. 3C). The
stimulatory activity of HeLa-VV RNA was appreciably lower
than that of Vero-EMCV RNA or of a control 5" PPP-RNA
(Fig. 3A to C). Nevertheless, it was completely MDAS depen-
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FIG. 3. RNA from VV-infected cells stimulates MDAS. HEK293
(A) or 3T3 (B) cells were transfected with reporter constructs for
IFN-B-luciferase and control plasmid pRL-TK and subsequently stim-
ulated with HeLa-VV RNA (1, 0.2, and 0.04 pg) or control 5" PPP-
RNA (0.2 and 0.04 pg), respectively. Graphs show relative activation
of the IFN-B promoter. Data are the average of duplicate measure-
ments * standard deviation. (C) MEFs of the indicated genotype were
transfected with HeLa-RNA (1 and 0.2 pg), HeLa-VV RNA (1, 0.2,
and 0.04 pg), Vero-EMCV RNA (0.2 pg), or with control 5" PPP-RNA
(0.2 pg). The graph shows the accumulation of IFN-a/B in superna-
tants after overnight incubation. *, P < 0.001 compared to wild-type
(wt) MEFs. Data are average = standard deviations of duplicate (A
and B) or quadruplicate (C) measurements from one experiment re-
peated three times.

dent as MEFs that lacked MDAS were totally unresponsive to
HeLa-VV RNA (Fig. 3C). Therefore, RNA from VV-infected
cells can be used as a tool to dissect MDAS-dependent recog-
nition processes without the added complication of infectious
RNA and de novo virus replication.

The dsRNA-specific K1 antibody recognizes an MDAS ago-
nist. VV, EMCYV, and SFV have all previously been shown to
generate dsRNA that can be detected by staining cells with the
dsRNA-specific K1 monoclonal antibody (MAb) (27, 28). Be-
cause all three viruses activate MDAS (see above), we tested
for K1 immunoreactivity upon infection with all MDAS-acti-
vating viruses. K1 stained cells infected with EMCV, TMEV,
SFV, ReoV, SiV, and VV but did not stain cells infected with
influenza virus or influenza virus lacking the NSI protein
(FluANS1) (Fig. 4A), despite the fact that the latter were
clearly infected (Fig. 4B). Given this correlation between
MDAS-stimulatory ability and generation of K1 ligands, we
next asked whether RNA bound to the dsRNA-specific K1
antibody can also bind to MDAS. We transfected 293T cells
with HA-tagged MDAS and infected these cells with EMCV
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FIG. 4. MDAS-activating  viruses
dsRNA. (A) Vero cells were infected with the indicated virus (MOI of
0.5 to 1) for 8 h (EMCV, TMEV, and SFV) or 16 h (influenza virus
(Flu), FluANS1, and ReoV). HeLa cells were infected with VV (MOI
of 0.5) for 16 h. Cells were fixed and stained with the K1 (dsRNA)
MAD (green) and DAPI (blue). (B) Influenza virus-infected cells
stained with anti-influenza (Flu) antibodies (green) and DAPI (blue).

generate immunodetectable

(MOI of 10 for 8 h) or left them uninfected. The dsRNA
antibody did not coprecipitate MDAS when the cells were not
infected, as expected (Fig. 5A). However, infection with
EMCYV promoted formation of a complex between MDAS and
K1. Notably, this complex could also be formed after cell lysis
by the addition to the lysates of poly(I:C), which binds strongly
to both K1 (26) and to MDAS5 (11), or of Vero-EMCV RNA
(Fig. 5A).

To test whether RNA bound to the K1 antibody has stimu-
latory activity, we precipitated RNA extracted from EMCV-
infected cells and tested the bound fractions for IFN-«/f in-
duction. As expected, control Sepharose beads coated with
IgG did not precipitate stimulatory activity from Vero-EMCV
RNA (Fig. 5B). However, beads coupled to the K1 antibody
precipitated Vero-EMCV RNA that induced large amounts of
IFN-a/B upon transfection into indicator cells (Fig. 5B). Sim-
ilar to Vero-EMCV RNA, the fraction of HeLa-VV RNA
precipitated by K1 contained stimulatory activity, whereas con-
trol IgG-precipitated RNA was inactive (Fig. 5C). Notably, the
amount of RNA isolated from Kl-precipitated fractions was
dramatically reduced (>100-fold) compared to the amount
isolated from unbound fractions (data not shown), indicating
that the dsRNA recognizing MAb bound selected RNA spe-
cies. Collectively, these experiments suggest that the K1 anti-
body can bind to MDAS agonist(s) present in virus-infected
cells and indicate that MDAS and the K1 antibody bind to
similar RNAs.

Lack of specific sequence motifs in stimulatory RNA frac-
tions from VV-infected cells. We attempted to define specific
sequences in the stimulatory RNA from VV-infected cells. As
we did not know whether terminal OH groups were present in
MDAS-agonistic RNA and whether sequences necessary for
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FIG. 5. K1 and MDAS5 bind to the same type of RNA. (A) 293T
cells were transfected with HA-tagged MDAS and 40 h later infected
with EMCV (if EMCV) or left uninfected. Eight hours later, cell
lysates were prepared and used for coimmunoprecipitation experi-
ments. Uninfected cells (lanes 5, 6, and 8) or infected cells (lane 7)
were used for immunoprecipitation with the K1 (dsRNA) antibody.
Poly(I:C) and Vero-EMCV RNA were added to the lysates in lanes 6
and 8, respectively. HA-MDADS in total cell lysates (lanes 1 to 3) or K1
immunoprecipitates (lanes 4 to 8) was visualized by Western blotting
(WB) with antibody against the HA epitope. (B and C) The K1 anti-
body or a control irrelevant antibody was used to precipitate RNA
extracted from EMCV-infected Vero cells (B) or VV-infected HeLa
cells (C). The RNA in the precipitated fraction was extracted with
Trizol and used to transfect 3T3 cells. Graphs show average (+ stan-
dard deviation) accumulation of IFN-a/B in supernatants (measured in
quadruplicate) after 16 h. One representative experiment of three is
shown.

activating MDAS were at the end of the putative RNA se-
quence, we resorted to an approach that involved tagged ran-
dom hexamer priming (29) (Fig. 6A gives a schematic repre-
sentation). RNA from virus-infected or uninfected cells was
used for immunoprecipitation with K1 or control antibodies.
RNA was reverse transcribed and amplified by PCR for 5 to 10
cycles, and the resulting DNA fragments were ligated into
pGEM-T (Promega). Colonies were screened for B-galactosi-
dase activity, and white colonies were selected for sequencing.
K1 immunoprecipitates of HeLa-VV RNA yielded more col-
onies than control precipitations (IgG precipitates from
HeLa-VV RNA or K1 precipitations of RNA from uninfected
cells) (Fig. 6B). This was encouraging as it suggested enrich-
ment of specific stimulatory RNAs with the K1 antibody. How-
ever, sequencing revealed mostly rRNA, a few viral sequences,
and a few sequences from human genes (Fig. 6C shows a
typical example of one experiment). In total, we identified 31
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clones containing viral sequences, and in one of three experi-
ments, there was some enrichment in the A11R gene locus (bp
121859 to 122815) (Fig. 6D). However, overall we failed to
identify any particular sequence or sequence motif or even
clustering when sequences were aligned to the virus genome.
Thus, the data obtained by this method do not reveal any
particular sequence preference for MDAS-stimulatory RNA.
HMW RNA but not dsRNA stimulates MDAS. The associa-
tion between MDAS-agonistic activity and recognition by K1, a
dsRNA-specific MAb, prompted us to analyze RNA prepara-
tions from virus-infected cells for the presence of dsRNA.
Double-strandedness of nucleotides can be visualized by stain-
ing with acridine orange, a metachromatic stain that stains
single-stranded polynucleotides red and double-stranded
polynucleotides green (18). In the past, this dye has been used
extensively to categorize viruses according to the nature of
their genome (15-17). As expected, a double-stranded DNA
marker appears green on an acridine orange-stained gel,
whereas in vitro transcribed ssRNA appears red (Fig. 7A).
RNA isolated from uninfected HeLa cells (HeLa-RNA) or
Vero-RNA showed two prominent red bands of rRNA (Fig.
7A to C). Consistent with the fact that EMCV degrades rRNA
(30), the rRNA bands were faint in Vero-EMCV RNA, which
contained a prominent dSRNA band of 11,000 or more bp (Fig.
7A and C). Similarly, HeLa-VV RNA contained a dsRNA
band that was absent from uninfected cells (Fig. 7B and C). In
addition, RNA from both EMCV- and VV-infected cells con-
tained a very-high-molecular-weight (HMW) fraction that did
not enter the agarose gel and remained trapped in the well and
variably stained green and red with acridine orange (Fig. 7A to
C). Similarly, well-trapped HMW RNA ranging in staining
from green to red was detected in all RNA preparations from
virus-infected cells able to stimulate MDAS but not in Vero-
Flu RNA, which exclusively activates RIG-I (Fig. 7C). We
isolated the dsSRNA band and the HMW well-trapped fraction
from Vero-EMCYV cells and tested them for stimulatory activ-
ity (Fig. 7D, inset). To our surprise, only the HMW RNA and
not the dsRNA fraction elicited IFN-o/f when transfected into
3T3 cells (Fig. 7D). Similarly, HMW RNA from VV-infected
cells contained stimulatory potential, whereas the dsSRNA frac-
tion did not generate measurable IFN-«/B (Fig. 7E). For both
viruses, HMW RNA allowed association of MDAS to agarose
beads coupled to the dsRNA antibody (Fig. 7F). Thus, we
conclude that HMW RNA is generated by some viruses and
that this RNA has the ability to bind to and activate MDAS.
Interestingly, although dsRNA arising from virus infection can
bind to MDAS, it is not necessarily an agonist for the helicase.
HMW RNA contained both ssRNA and dsRNA regions as
it stained red and green on acridine orange gels, with some
variability between experiments (Fig. 7A to C). The presence
and functional importance of dsSRNA and ssRNA regions in
HMW RNA were further suggested by experiments using nu-
clease digestion with the ssRNA-specific nucleases RNase A
and RNase T1 and the dsSRNA-specific RNase V1 (Fig. 8A and
B). Therefore, we envisaged that HMW RNA may resemble an
RNA web rather than perfectly base-paired long molecules of
dsRNA. We hypothesized that destroying the secondary and
tertiary structure of this HMW RNA would diminish its po-
tential to stimulate MDAS. Indeed, when we heat denatured
and flash froze HeLa-VV RNA, both the dsRNA fraction and
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the HMW RNA fraction disappeared (Fig. 8C, insert), to-
gether with the ability to stimulate IFN-o/B (Fig. 8C). In con-
trast, heating and flash freezing of an in vitro transcribed con-
trol 5" PPP-RNA did not result in a change of IFN induction
(Fig. 8C). The stimulatory activity of RNA preparations from
cells infected with picornaviruses was similarly sensitive to heat
denaturation followed by rapid freezing (Fig. 8D). Finally, the
association between MDAS and beads coated with the dsSRNA
antibody was lost when RNA denatured by heating and freezing
was used (Fig. 8E). We conclude that the ability to stimulate
MDAS requires highly structured RNA.

DISCUSSION

The identification of RIG-I and MDAS as pattern recogni-
tion receptors for viruses marked a milestone in our under-
standing of antiviral innate responses (11, 13, 31, 32). Interest-
ingly, genetic deletion experiments demonstrated that RIG-I
and MDAS possess distinct virus specificities and that MDAS
but not RIG-I is essential for innate responses to picornavi-
ruses, whereas RIG-I but not MDAS is indispensable for in-
nate immunity to influenza A virus, paramyxoviruses, and Jap-
anese encephalitis virus (11). The basis for differential virus
recognition by the two RLRs is not entirely understood. RIG-I
agonists have been variously defined as 5' PPP-RNAs, short
dsRNA duplexes bearing or not a 5’ monophosphate, or 3’
monophosphate-containing cleavage products of RNase L (7,
10, 22). In contrast, agonists for MDAS remain less well char-
acterized. It is generally thought that MDAS recognizes long
dsRNA stretches such as those found in poly(I:C) and in the
genomes of ReoVs (10). In this study, we set out to investigate
the characteristics of RNA species that can stimulate MDAS in
virus-infected cells. As others have noted (7), we found that
RNA extracted from uninfected cells does not stimulate IFN
production, indicating that it does not contain enough RNA
species bearing, for example, 5’ triphosphate moieties and/or
the necessary secondary structure to act as agonists for RLRs.
In contrast, RNA extracted from cells infected with RNA vi-
ruses contains abundant stimulatory activity, and the depen-
dence of that activity on RIG-I and MDAS largely matches the
dependence reported for infection with the intact virus (Fig. 1
and 3). In particular, we show that influenza A virus generates
stimulatory RNA for RIG-I, whereas TMEV, EMCV, SiV,

RNA were electrophoretically separated at the indicated time points
on an agarose gel and stained with acridine orange. (C) A 1-ug DNA
ladder and 1 pg of the indicated RNA preparation were electro-
phoretically separated on an agarose gel and stained with acridine
orange. Numbers to the left of the DNA ladders (A to C) show sizes
of DNA markers. (D and E) The indicated RNA fraction (see inset of
acridine orange gel) was isolated from the agarose gel, and 0.5 or 0.1
wg was used to transfect 3T3 cells. In panel D 3T3 cells were treated
with ribavirin to prevent EMCV replication. Graphs show average
accumulation + standard deviation of IFN-o/ after overnight culture
measured in quadruplicate. (F) Lysate of 293T cells transfected with
FLAG-MDAS for 48 h was used for immunoprecipitation with the K1
(dsRNA) antibody in the absence or presence of 1 pg of the indicated
RNA. K1 immunoprecipitates were visualized by Western blotting
(WB) with antibody against the FLAG epitope. The arrow points to
FLAG-tagged MDAS.
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FIG. 8. Destroying higher-order RNA structures reduces MDAS
activation. (A and B) One microgram of HeLa-VV RNA or Vero-
EMCYV RNA was digested with 10-fold serial dilutions of the ssRNA-
specific RNase A and RNase T1 or with the dsSRNA-specific RNase V1
for 1 h. RNA was visualized on an agarose gel (A) or transfected into
3T3 cells for measuring IFN-o/B production (B). Numbers to the left
of the DNA ladder (A) show sizes of DNA markers. (C) Two micro-
grams of HeLa-VV RNA was heated to 99°C for 5 min and flash frozen
on dry ice. After the RNA was thawed, 1 ng was separated on an
acridine orange gel (inset). In addition, 0.2 wg of the indicated RNA
was used to transfect 3T3 cells, and IFN-o/f accumulation in super-
natants was measured after overnight culture. (D) Vero-EMCV RNA
and Vero-TMEV RNA were heated and flash frozen on dry ice, and
after the RNA was thawed, 0.2 pg was transfected into 3T3 cells. The
graph shows IFN-a/f accumulation in supernatants measured after
overnight incubation. Asterisks in panels C and D indicate statistical
significance between untreated and treated samples (*, P < 0.001; *=*,
P < 0.05). (E) Lysate from 293T cells transfected with HA-MDAS was
used for immunoprecipitation with the K1 antibody in the presence of
Vero-RNA, Vero-EMCV RNA, or HeLa-VV RNA that had been left
untreated (—) or heated and flash frozen (+). Immunoprecipitates
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and subjected to Western blotting (WB) with an anti-HA
antibody. The arrow points to HA-tagged MDAS.

ReoV, and SFV all generate RNAs capable of stimulating
MDAS activity (Fig. 1). RNA isolated from cells infected with
RNA viruses is infectious, which can complicate approaches to
identifying the stimulatory fraction. For example, we isolated a
single fraction of RNA from EMCV-infected cells which was
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able to induce large amounts of IFN-«/B upon transfection
into reporter cells (data not shown). However, this fraction
turned out to contain the intact EMCV genome, and its trans-
fection resulted in a full infectious cycle, rendering it difficult to
determine whether the IFN-inducing activity was attributable
to properties of the genome itself or to RNAs made during
subsequent virus replication (data not shown). Although this
problem could be circumvented in part by using ribavirin, more
definitive evidence for a preformed stimulatory species came
from analysis of RNA extracted from cells infected with DNA
viruses. A recent paper suggests that modified VV Ankara
induces IFN-o/B in an MDAS- and MAVS-dependent manner
(3). Here, we show that RNAs generated during VV infection
indeed activate MDAS-dependent IFN-o/B responses. There-
fore, DNA viruses have the potential to generate RNA that
activates RLRs, and VV infection may be a useful system in
which to characterize MDAS-agonistic RNAs.

All viruses that generated MDAS agonists in infected cells
also induced accumulation of dsSRNA, which was detectable by
staining with the dsRNA-specific K1 antibody (Fig. 4). The
striking punctate pattern of this staining suggested association
with specific subcellular compartments. However, we were un-
able to colocalize K1 staining with markers of the endoplasmic
reticulum, endosomes, ribosomes or P-bodies (data not
shown). Thus, the origin of the RNA bound by the K1 antibody
is uncertain, and it could reflect either species generated at
specific sites of virus replication or RNA being targeted for
degradation in specialized compartments. As K1 binds
poly(I:C) (26), a known stimulus for MDAS, we investigated
the possibility that MDAS-agonistic activity overlaps with K1
immunoreactivity. We confirmed that the K1 antibody binds to
an MDAS agonist by pull-down experiments of stimulatory
RNA isolated from virus-infected cells (Fig. 5B and C). RIG-I
has been suggested to be preferentially activated when the
terminal triphosphate group is presented in the context of
certain sequence motifs (25). We therefore tried to clone and
sequence the RNA that binds to K1-coated beads but failed to
obtain meaningful results: we enriched for viral sequences that
were expressed at the time of cell lysis but did not find any
specific pattern that could help define a specific MDAS agonist
(Fig. 6). Therefore, we used alternative methods to character-
ize this RNA. Notably, we found that RNA isolated from cells
infected with MDAJS-activating viruses contained prominent
dsRNA bands, as determined by acridine orange staining.
These bands represented candidate agonists as Kato et al. have
previously shown that a 4-kbp fragment of annealed antisense
and sense in vitro transcribed RNA, as well as long segments of
genomic dsRNA from ReoV, can activate MDAS (10). How-
ever, we found that the major dsRNA band (larger than 11
kbp) isolated from cells infected with EMCV and VV bound to
the helicase but, surprisingly, was unable to activate MDAS
(Fig. 7D to F). Instead, MDAS was activated by the HMW
RNA fraction that did not enter the gel. Acridine orange
staining and RNase digestion suggest that this HMW RNA
contains single-stranded and double-stranded regions and can
bind to both MDAS and the K1 antibody (Fig. 7 and 8A).
Notably, destroying its structure through a heating and freez-
ing cycle abrogated MDAS binding and IFN-o/B stimulatory
activity (Fig. 8C and D). Therefore, we believe that double
strandedness may be necessary but is not sufficient for IFN-a/
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induction and that the MDAS-stimulating RNA present in
virus-infected cells is in the form of RNA aggregates consisting
of single-stranded and double-stranded moieties that are gen-
erated during the replication/transcription process. Poly(1:C)
binds to K1 and acts as an agonist for MDAS signaling. Al-
though poly(I:C) is regarded as a dsSRNA homologue, it does
not consist of perfectly matched dsRNA strands because
poly(I:C) is generated through annealing of enzymatically pro-
duced inosine and cytidine homopolymers of undefined length
(5), which results in a web-like structure. We speculate that
branched RNA may be an important part in MDAS-dependent
recognition. Interestingly, recognition of branched nucleic acid
is a long-studied phenomenon: junction-resolving enzymes rec-
ognize Holliday junctions (branched DNA) during DNA rep-
lication (2). Binding of junction-resolving enzymes must meet
specific structural requirements (DNA branches) but is inde-
pendent of the exact nucleic acid sequence. Similarly, MDAS
recognition appears to require structural features (Fig. 7 and
8), but we could not identify specific sequences (Fig. 6). Re-
ducing the size of poly(I:C) by sonication decreases its ability
to activate MDAS (10), which could be explained by the de-
struction of the RNA web necessary for MDAS activation.
Notably, annealing polyadenylic and polyuridylic homopoly-
mers of undefined length to form poly(A - U) is not sufficient
to generate RLR-stimulatory activity (data not shown). One
possible explanation could lie in the high affinity of poly(A) for
poly(U), which would make poly(A - U) quite inflexible and
prevent it from adopting a loose web structure, unlike poly(I:
C). Recently, Myong et al. reported that recognition of triphos-
phorylated RNA cannot activate RIG-I without local second-
ary RNA structure (19). Similarly, dSRNA or RNA aggregates
may be necessary for binding of MDAS (Fig. 7F), but this may
not be sufficient for potent MDAS activation, which may re-
quire hitherto undefined additional signals to distinguish cel-
lular from viral RNA. We speculate that, similar to junction-
resolving enzymes that recognize branched DNA during
cellular replication, MDAS may have evolved to recognize
branched RNA during virus replication.
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